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Pooled stepped storm waterway besides to a railway bridge - Dimensions: 1:1 slope, h = 0.7 to 1 m, 
w =0.4 m - Note the concrete wall at downstream end to protect nearby road from splashing 
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Abstract 
Stepped spillways were investigated experimentally in the last few decades. Although some recent 
research focused on the air-water flow properties, there is a knowledge gap for an optimum stepped 
spillway design in terms of energy dissipation and aeration performances. To date the flat stepped 
spillway design was tested, although only a few studies investigated the air-water flows on flat 
pooled stepped spillways. Herein a physical study was performed on a stepped spillway model with 
a 8.9° slope and step heights of 0.05 m. Three stepped configurations were tested: a flat stepped 
chute, a pooled step chute (w/h=1) and a chute with an alternation of flat and pooled steps. Detailed 
air-water flow measurements were conducted for all three stepped configurations for a broad range 
of discharges 0.02 m3/s ≤ Q ≤ 0.117 m3/s corresponding to Reynolds numbers between 1.4×105 and 
9.3×105. The visual observations showed some typical flow pattern on the flat stepped spillway 
with nappe, transition and skimming flows depending upon the flow rate. On the pooled stepped 
spillway configurations, some strong instabilities were observed in the transition flow regime. 
These self-induced instabilities were associated with unsteady cavity recirculation and ejection 
processes as well as some strong jump waves propagating downstream. For the stepped spillway 
with combination of flat and pooled steps, no skimming flow regime was achieved within the 
investigated flow conditions. A comparison of air-water flow properties showed some basic 
differences between the three configurations in terms of void fraction, bubble count rate, interfacial 
velocity, turbulence intensity and chord size distributions. The results in terms of the rate of energy 
dissipation and residual head showed the largest rate of energy dissipation and the smallest residual 
head for the stepped spillway with combination of flat and pooled steps. The Darcy-Weisbach 
friction factor was the smallest for the flat stepped spillway and the largest for the pooled stepped 
spillway configurations. While the stepped chute configuration with an alternation of flat and 
pooled steps yielded the largest rate of energy dissipation, the geometry must not be regarded as an 
optimum design because this configuration was characterised by some strong flow instabilities and 
unsteady flow processes which are unsuitable for a safe operation of the spillway system. 
 
Keywords: Air-water flows, Self-induced instabilities, Pooled stepped spillway, Stepped spillway, 
Energy dissipation, Residual head, Flow resistance, Turbulence. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
C void fraction defined as the volume of air per unit volume of air and water; it is also 
called air concentration or local air content; 
Cmean depth-average void fraction defined in terms of Y90: Cmean = 1 – d/Y90; 
DH hydraulic diameter (m); 
Do dimensionless constant; 
d equivalent clear water flow depth (m); 
d  average equivalent clear water flow depth (m) for stepped spillway with combination of 
flat and pooled steps; 
dc critical flow depth (m): 3 2wc g/qd  ; 
F air bubble count rate or bubble frequency (Hz) defined as the number of detected air 
bubbles per unit time; 
Fmax maximum bubble count rate in a cross-section (Hz); 
fe equivalent Darcy-Weisbach friction factor in air-water flows; 
ef  average equivalent Darcy-Weisbach friction factor for stepped spillway with 
combination of flat and pooled steps; 
g gravity constant (m/s2); 
H total head (m); 
Hdam dam height (m); 
Hmax maximum upstream head (m) above chute toe: Hmax = Hdam + 3/2×dc; 
Hres residual head (m); 
h vertical step height (m); 
K' dimensionless integration constant; 
ks step cavity roughness height (m): ks = (h+w)×cosθ; 
LI longitudinal distance (m) measured from the weir crest to the inception point of free-
surface aeration; 
l horizontal step length (m); 
lw pool weir length (m); 
N power law exponent; 
Q water discharge (m3/s); 
qw water discharge per unit width (m2/s); 
Re Reynolds number defined in terms of the hydraulic diameter: Re = w×Uw×DH/w; 
Rxx normalised auto-correlation function (reference) probe; 
Rxy normalised cross-correlation function between two probe output signals; 
(Rxy)max maximum cross-correlation between two probe output signals; 
Sf friction slope: Sf = - ∂H/∂x; 
fS  average friction slope for stepped spillway with combination of flat and pooled steps; 
T time lag (s) for which Rxy = (Rxy)max; 
 vi 
Tu turbulence intensity;  
Tumax maximum turbulence intensity in a cross-section; 
T0.5 characteristic time lag τ for which Rxx = 0.5; 
t time (s); 
Uw mean flow velocity (m/s): Uw = qw/d; 
U w average mean flow velocity (m/s) for stepped spillway with combination of flat and 
pooled steps; 
V interfacial velocity (m/s); 
Vc critical flow velocity (m/s); 
V90 characteristic interfacial velocity (m/s) where the void fraction is 90%; 
W channel width (m); 
w weir height in pooled stepped spillway configuration (m), also called pool height; 
x distance along the channel bottom (m); 
Y90 characteristic depth (m) where the void fraction is 90%; 
y distance (m) measured normal to the invert (or channel bed); 
ΔH total head loss (m): H = Hmax – Hres; 
Δx streamwise separation distance (m) between probe sensors; 
Δz transverse separation distance (m) between probe sensors; 
Δzo height (m) to the weir crest from the calculated step edge; 
 density (kg/m3); 
θ angle between pseudo-bottom formed by the step edges and the horizontal; 
τ  time lag (s); 
τ0.5 characteristic time lag τ for which Rxy = 0.5 × (Rxy)max; 
Ø probe sensor diameter (m); 
μ  dynamic viscosity (Pa.s); 
 
Subscript 
c critical flow conditions; 
max maximum value; 
mean mean signal component; 
xx auto-correlation of reference probe signal; 
xz cross-correlation; 
w water properties; 
 
Abbreviations 
IWW Institute of Hydraulic Engineering and Water Resources Management, RWTH Aachen 
University, Germany; 
PDF probability density function; 
RWTH Rheinisch-Westfaelische Technische Hochschule (University of Aachen), Germany; 
SK skimming flow regime; 
 vii 
TRA transition flow regime; 
UQ The University of Queensland, Australia. 
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1. INTRODUCTION 
1.1 AIR-WATER FLOWS ON STEPPED SPILLWAYS 
Air-water flows on stepped spillways were investigated experimentally in the last few decades (e.g. 
HORNER 1969; PEYRAS et al 1992; CHANSON 1995,2001; OHTSU & YASUDA 1997; 
CHAMANI & RAJARATNAM 1999; BOES 2000; MATOS 2001; TOOMBES 2002). The 
research provided design guidelines for stepped spillway channels with various channel geometries 
and slopes. Most recent research focused on the air-water flow properties and energy dissipation 
performances, including some more detailed air-water flow properties such as bubble count rate, 
turbulence and microscopic air-water properties (e.g. CHANSON & TOOMBES 2002; 
GONZALEZ 2005; CHANSON & CAROSI 2007; TOOMBES and CHANSON 2008a,b; FELDER 
& CHANSON 2009b,2011a). Numerical modelling of stepped spillway flows has not been 
successful yet despite some studies in the clear water flow region (CHENG et al. 2006; QIAN et al. 
2009; MEIRELES et al. 2009). There is a knowledge gap for an optimum stepped spillway design 
in terms of energy dissipation and aeration performances. 
To date the stepped spillway design with flat steps was extensively tested, and only a few studies 
investigated the air-water flows on pooled stepped spillways (Fig. 1-1) (Table 1-1). Table 1-1 lists a 
number studies on pooled stepped spillways encompassing detailed air-water flow measurements. 
KÖKPINAR (2004) conducted experiments on a stepped spillway with 30° with three different 
configurations: flat, pooled and combination of flat and pooled steps. A similar study was 
conducted by ANDRÉ (2004) who investigated further modifications of the pooled stepped 
spillway design with two channel slopes. A study of self-induced instabilities on pooled stepped 
spillways with slopes of 8.9 and 14.6 was conducted by THORWARTH & KOENGETER (2006) 
and THORWARTH (2008). All the studies provided some new insights into the flow processes on 
pooled stepped spillways although limited. 
 
1.2 OUTLINE OF THE REPORT 
The present study investigated systematically the air-water flow properties and the energy 
dissipation performances down a 8.9 slope stepped chute with three stepped spillway 
configurations: flat, pooled and combination of flat and pooled steps (Table 1-1). The flow patterns 
were observed for all configurations. A comparative study was conducted in terms of the air-water 
flow properties, i.e. void fraction, bubble count rate, interfacial velocity, turbulence intensity and 
chord sizes, as well as energy dissipation and flow resistance. The study aimed to provide some 
novel details on the pooled stepped spillway design and its energy dissipation performance and flow 
resistance capabilities in comparison to a flat stepped spillway on a moderate slope. 
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In Section 2, the experimental facility, the instrumentation and the flow conditions are introduced. 
Section 3 focuses upon the presentation of the air-water flow pattern including the instationary 
processes on the pooled stepped spillway configurations. A comparative study of flow properties is 
presented in Section 4. Section 5 shows the performance of the investigated configurations in terms 
of energy dissipation, residual head and flow resistance. A brief conclusion is given in Section 6. 
Some additional data sets are presented in the Appendices. 
 
Table 1-1 – Experimental studies of air-water flow properties on pooled stepped spillway 
configurations 
 
Reference θ 
(°) 
Step geometry Flow conditions Instrumen-
tation 
Comment 
(1) (2) (3) (4) (5) (6) 
KÖKPINAR 
(2004) 
30 Flat steps: h = 6 cm, l = 10.4 cm 
Pooled steps: h = 6 cm, l = 10.4 cm,  
w = 3 cm 
Combination of flat/pooled steps:  
h = 6 cm, l = 10.4 cm, w = 3 cm 
Q = 0.03 – 0.100 m3/s, 
Re =2.4×105 – 8.0×105 
Double-tip fibre-
optical probe  
(Ø = 0.08 mm) 
W = 0.5 m, 
64 steps, 
lw = 2.6 cm 
ANDRÉ (2004) 18.6 
 
Flat steps: h = 6 cm, l = 17.8 cm 
Pooled steps: h = 6 cm, l = 17.8 cm,  
w = 3 cm 
Combination of flat/pooled steps:  
h = 6 cm, l = 17.8 cm, w = 3 cm 
Q = 0.02 – 0.130 m3/s, 
Re =1.6×105 – 1.0×106 
Double-tip fibre-
optical probe  
(Ø = 0.08 mm) 
W = 0.5 m, 
42/64 steps, 
lw = 2.6 cm 
 30 Flat steps: h = 6 cm, l = 10.4 cm 
Pooled steps: h = 6 cm, l = 10.4 cm,  
w = 3 cm 
Combination of flat/pooled steps:  
h = 6 cm, l = 10.4 cm, w = 3 cm 
   
THORWARTH 
(2008) 
8.9 
 
Pooled steps: h = 5 cm, l = 31.9 cm,  
w = 0 – 5 cm 
Q = 0.025 – 0.117 m3/s, 
Re =2.0×105 - 9.3×105 
Double-tip 
conductivity 
W = 0.5 m, 
22/26 steps, 
 14.6 Pooled steps: h = 5 cm, l = 19.2 cm,  
w = 0 – 5 cm 
 probe 
(Ø = 0.13 mm) 
lw = 1.5 cm 
Present study 8.9 Flat steps: h = 5 cm, l = 31.9 cm Q = 0.018 – 0.117 m3/s, 
Re =1.4×105 - 9.3×105 
Double-tip 
conductivity 
W = 0.5 m, 
21 steps, 
  Pooled steps: h = w = 5 cm, l = 31.9 
cm 
Q = 0.027 – 0.117 m3/s, 
Re =2.2×105 - 9.3×105 
probe 
(Ø = 0.25 mm) 
lw = 1.5 cm 
  Combination of flat/pooled steps: h = 
w = 5 cm, l = 31.9 cm 
Q = 0.027 – 0.117 m3/s, 
Re =2.2×105 - 9.3×105 
  
 
Notes: θ: channel slope; h: step height; l: step length; w: weir height; lw: pool weir length; W: 
Channel width; Q: water discharge; Re: Reynolds number defined in terms of the hydraulic 
diameter. 
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Fig. 1-1 - Photographs of pooled stepped spillways and cascades 
(A) Sorpe dam stepped spillway - Construction: 1926-1935, Hdam = 69 m, design discharge: 46 m3/s 
(Left) Looking downstream on 31 Mar. 2004 (Photograph Hubert CHANSON); (Right) Cascade 
operation at low flow during the early 2000s (Courtesy of Ruhrverband, Essen, Germany) 
  
(B) Pooled stepped storm waterway besides to a railway bridge near Avignon (France) on 20 Sept. 
2000 - Dimensions: 1:1 slope, h = 0.7 to 1 m, w =0.4 m - Note the concrete wall at downstream end 
to protect nearby road from splashing 
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(C) Pooled stepped cascade of the Bosquet des Rocailles, Jardins du Château de Versailles (France) 
on 27 July 2008 (Shutter speed: 1/500s) 
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2. EXPERIMENTAL FACILITY, INSTRUMENTATION AND SIGNAL 
PROCESSING 
2.1 EXPERIMENTAL FACILITY 
The experimental study was conducted on a large size stepped spillway model at the Institute of 
Hydraulic Engineering and Water Resources Management (IWW) of the RWTH Aachen 
(Germany). The facility had a length of 12 m and consisted of an intake tank which provided a 
constant upstream water head. The water entered the experimental test section through an 
uncontrolled broad-crested weir of 0.5 m width (Fig. 2-1). Fig. 2-1 illustrates the broad-crested weir 
at the upstream end of the stepped spillway test section. The test section consisted of 21 steps made 
out of PVC with step heights h = 0.05 m, step width W = 0.50 m and of step length l = 0.319 m (i.e. 
channel slope θ = 8.9°). At the downstream end of the stepped chute, a hydraulic jump dissipated 
the energy in a long channel. The discharge was measured at the end of the downstream channel 
using an ultrasonic range finder and a sharp-crested weir. More details about the experimented 
facility were described by THORWARTH & KOENGETER (2006) and by THORWARTH (2008) 
who conducted a detailed study of self-induced instabilities on the pooled stepped spillway model at 
IWW. 
Three different stepped spillway configurations were investigated (Fig. 2-2). Figure 2-2 illustrates 
the experimental configurations including a stepped spillway equipped with flat steps (Fig. 2-2A) 
and a pooled stepped spillway with weir height of w = 5 cm and pool weir thickness lw = 1.5 cm 
(Fig. 2-2B). The third configuration was a stepped spillway with a combination of flat and pooled 
steps (Fig. 2-2C). 
 
Fig. 2-1 - Broad crested weir at the upstream end: looking downstream - Configuration with flat 
steps:  = 8.9, dc/h = 0.95, Q = 0.016 m3/s, Re = 1.28 × 105 
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Fig. 2-2 – Stepped spillway configurations in the present study (θ = 8.9°) 
(A) Flat stepped spillway 
(B) Pooled stepped spillway 
(C) Combination of flat and pooled steps 
 
2.2 PHASE DETECTION INTRUSIVE PROBE AND SIGNAL PROCESSING 
An extensive set of experiments was conducted with all three configurations for a wide range of 
discharges 0.018 m3/s < Q < 0.117 m3/s. The measurements were performed using a double-tip 
conductivity probe (Fig. 2-3). The probe was typically located at step edges in the air-water flow 
region. Figure 2-3 shows the double-tip conductivity probe. The probe had an inner diameter Ø = 
0.13 mm for both tips which were separated in the streamwise direction x = 5.1 mm and in 
transverse direction z = 1 mm. The probe was designed at IWW and successfully used by 
THORWATH (2008) and BUNG (2009,2011). The translation of the conductivity probe in the 
vertical direction was controlled by a trolley system equipped with an (isel®) control device.  
 
Fig. 2-3 – Double-tip conductivity probe (Ø = 0.13 mm); Flow from right to left 
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All measurements were conducted for 45 s at a sampling rate of 20 kHz per probe tip. The raw data 
were recorded with a LabVIEWTM software. A Fortran program was used to calculate the full set of 
air-water flow properties from the raw probe signal. The program was developed at UQ and 
previously used in a number of air-water flow studies on a stepped spillway (FELDER & 
CHANSON 2011a,b) and in hydraulic jump (CHACHEREAU & CHANSON 2011). The air-water 
flow calculations included the void fraction C (i.e. air concentration), the bubble count rate F 
defined as the number of bubbles/droplets detected by a leading probe sensor per unit time, the 
time-averaged interfacial velocity V calculated by a cross-correlation analysis and the turbulence 
intensity Tu. Further microscopic properties included the air bubble and water droplet chord sizes 
which were a measure of the characteristic air/water size in streamwise direction. 
 
2.3 EXPERIMENTAL FLOW CONDITIONS 
The experiments were conducted for a broad range of discharges at several step edges downstream 
of the inception point of free surface aeration. Table 2-1 summarises the experimental flow 
conditions for the three investigated configurations in the present study. 
 
Table 2-1 - Experimental investigations of the stepped spillway flows for three different 
configurations at the IWW (θ = 8.9°) 
 
Configuration dc/h  
[-] 
Q 
[m3/s] 
Re 
[-] 
Investigation Comment 
(1) (2) (3) (4) (5) (6) 
1.0 – 3.55 0.018 - 0.117 1.4×105 - 
9.3×105 
Air-water flow measurements with 
double-tip conductivity probe  
Air-water flow 
properties 
Flat stepped 
spillway 
0.24 – 3.55 0.002 - 0.117 1.6×104 - 
9.3×105 
Visual observations Flow pattern 
1.35 – 3.55 0.027 - 0.117 2.2×105 - 
9.3×105 
Air-water flow measurements with 
double-tip conductivity probe  
Air-water flow 
properties 
Pooled stepped 
spillway 
0.39 – 3.55 0.004 - 0.117 3.4×104 - 
9.3×105 
Visual observations Flow pattern 
1.35 – 3.55 0.027 - 0.117 2.2×105 - 
9.3×105 
Air-water flow measurements with 
double-tip conductivity probe  
Air-water flow 
properties 
Combination 
of flat and 
pooled steps 0.52 – 3.55 0.007 - 0.117 5.2×104 - 
9.3×105 
Visual observations Flow patterns 
 
Note: dc: critical flow depth ( 3 2wc g/qd  ). 
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3. FLOW PATTERNS ON THE STEPPED SPILLWAYS 
3.1 AIR-WATER FLOW PATTERN ON STEPPED SPILLWAYS 
For the three stepped spillway configurations, some detailed visual observations of the flow pattern 
were conducted. The observations included the flow processes in nappe, transition and skimming 
flow regimes for a wide range of discharges 0.002 m3/s ≤ Q ≤ 0.117 m3/s. Some instabilities were 
seen in the configurations with pooled steps and with a combination of flat and pooled steps. Details 
about the self-induced instabilities on pooled stepped spillways with slopes of 8.9 and 14.6 were 
reported by THORWARTH (2008). FELDER & CHANSON (2012) identified some characteristic 
recirculation and ejection frequencies of the instabilities on the pooled stepped spillway with 8.9 
slope. They investigated also the location of the inception point for all three flow configurations and 
the changes of flow regimes (FELDER & CHANSON 2012). In this section, some typical flow 
patterns for the stepped spillways with flat, pooled and combination of flat and pooled steps are 
presented. The self-induced instabilities observed on the pooled stepped spillway and combination 
of flat and pooled steps are discussed. 
3.1.1 Air-water flow pattern on flat stepped spillway 
Some air-water flow patterns for the flat stepped spillway are shown in Figure 3-1 for three typical 
discharges in the nappe, transition and skimming flow regimes. For the nappe flow regime, the flow 
propagated in a succession of free-falling jet and small hydraulic jump on each step (Fig. 3-1A). 
The flow was aerated from the first step edge and all along the stepped spillway. Most kinetic 
energy was dissipated along the stepped spillway. The present observations were typical of nappe 
flow on flat stepped spillways with comparable channel slope (CHANSON and TOOMBES 1997, 
TOOMBES 2002, TOOMBES and CHANSON 2008a). For dimensionless flow rates 0.95 < dc/h < 
1.69, a transition flow regime was observed. Key flow features included some strong droplet 
splashing and irregular flow motion (Fig. 3-1B). The observations highlighted some typical flow 
motions with strong energy dissipation and turbulent fluctuations as seen in earlier studies 
(CHANSON & TOOMBES 2004). For the largest flow rates, a skimming flow regime took place 
(Fig. 3-1C). At the upstream end, the flow was a clear water flow. Once the outer edge of the 
turbulent boundary layer reached the free surface, the air entrainment process started at the 
inception point (left hand side of Fig. 3-1C). Further downstream, an air-water flow mixture was 
seen while the pseudo free surface was basically parallel to the pseudo-bottom formed by the step 
edges. Some recirculation was present in the step cavities and some water droplets were ejected 
above the flow (right hand side of Fig. 3-1C). Overall, the findings of the current study were 
consistent with observations by THORWATH (2008) on the same stepped spillway model. 
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Fig. 3-1 – Air-water flow pattern for different flow regimes on the flat stepped spillway (θ = 8.9°) 
(A) Nappe/transition flow regime: dc/h = 0.95, Q = 0.016 m3/s, Re = 1.28 × 105 
(B) Transition flow regime: dc/h = 1.59, Q = 0.035 m3/s, Re = 2.78 × 105 
(C) Skimming flow regime: dc/h = 2.56, Q = 0.072 m3/s, Re = 5.71 × 105 
 
3.1.2 Air-water flow pattern on pooled stepped spillway 
The flow observations on the pooled stepped spillway showed some typical flow characteristics 
close to those reported by KOENGETER & THORWATH (2006), THORWATH (2008) and 
FELDER & CHANSON (2012). For the lowest flow rates, a nappe flow regime took place (Fig. 3-
10 
2). In Figure 3-2, some characteristic features of the nappe flow are visible including a free falling 
jet from one step cavity into the following water-filled pool. Air was entrained at the plunge point 
and some recirculation motion was seen for the larger flow rates in nappe flows. The air was mostly 
released to the free-surface before the next overfall. Overall the flow motion was stable (Fig. 3-2). 
For dimensionless flow rates 1.08 < dc/h < 1.76, the flow became instable in a transition flow 
regime (Fig. 3-3). Some flow instabilities were present including some self-induced jump waves 
(THORWARTH 2008). The jump waves were accompanied by some irregular appearance of 
hydraulic jump at the downstream end of the pool and some irregular cavity ejection processes. 
Some more details about the self-induced instabilities are discussed in section 3.2. 
For the largest discharges dc/h > 1.76, a skimming flow regime was observed. At the upstream end 
of the channel, a mono-phase flow existed with a free-surface parallel to the pseudo-bottom (Fig. 3-
4). Visually the free-surface appeared to be less stable than in a skimming flow on the flat stepped 
spillway (Fig. 3-1C). Some strong free-surface fluctuations were visible upstream of the inception 
point of free-surface aeration (Fig. 3-4). The fluctuation seemed to be linked with the increased step 
roughness induced by the weir pools. Downstream of the inception point, a two-phase flow mixture 
was consistently seen with a surface roughly parallel to the pseudo-bottom formed by the step edges 
(Fig. 3-5). Some instable cavity recirculation and ejection processes were seen for all skimming 
flow discharges in the present study. Further details about the characteristic frequencies of these 
instabilities were investigated by FELDER & CHANSON (2012). 
 
Fig. 3-2 – Nappe flow regime on the pooled stepped spillway (θ = 8.9°, h = w = 5 cm): dc/h = 1.02, 
Q = 0.018 m3/s, Re = 1.43 × 105 
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Fig. 3-3 – Transition flow regime on the pooled stepped spillway (θ = 8.9°, h = w = 5 cm) dc/h = 
1.39, Q = 0.029 m3/s, Re = 2.27 × 105 
 
 
Fig. 3-4 – Clear water flows just upstream of the inception point of air entrainment in a skimming 
flow regime on the pooled stepped spillway (θ = 8.9°, h = w = 5 cm): dc/h = 2.28, Q = 0.060 m3/s, 
Re = 4.78 × 105 
 
 
Fig. 3-5 – Skimming flow regime on the pooled stepped spillway (θ = 8.9°, h = w = 5 cm): dc/h = 
2.66, Q = 0.076 m3/s, Re = 6.03 × 105 
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3.1.3 Air-water flow pattern for the combination of flat and pooled stepped spillway 
For the stepped spillway configuration with combination of flat and pooled steps, the visual 
observations showed some characteristic flow features. For dimensionless flow rates dc/h < 1.0, a 
nappe flow regime was observed (Fig. 3-6). The air-water flow cascaded downstream in a series of 
free-falling jets. The flow became aerated from the first step edge. A hydraulic jump dissipated 
most of the flow energy before the next overfall at the pooled weir (Fig. 3-6). 
For larger flow rates (dc/h > 1.0), a transition flow was observed (Fig. 3-7). The flow appeared 
chaotic with some strong droplet splashing at all step edges downstream of the inception point of air 
entrainment. Some flow instabilities were present for all flow rates, including some irregular cavity 
ejection and recirculation process as well as some instationary free-surface waves (Fig. 3-7). Within 
the experimental flow conditions investigated herein, no skimming flow regime was seen. The 
finding was consistent with the visual observations of KÖKPINAR (2004) down a 30 slope 
stepped spillway with combined flat and pooled steps. He reported a change from transition to 
skimming flows for a flow rate significantly larger than that observed on flat and pooled stepped 
spillways. In the present study, a clear water flow was observed at the upstream end (Fig. 3-8). In 
Figure 3-8, the inception point and the air entrainment downstream of the inception point are 
illustrated for two discharges. The entrainment process was linked with a jet flow caused by the first 
pooled weir. The aeration process at the inception point was therefore completely different 
compared to typical entrainment processes on flat and pooled stepped spillways. 
 
Fig. 3-6 – Nappe flow regime on the stepped spillway with combination of flat and pooled steps (θ 
= 8.9°, h = w = 5 cm): dc/h = 0.73, Q = 0.011 m3/s, Re = 8.74 × 104 
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Fig. 3-7 – Transition flow regime on the stepped spillway with combination of flat and pooled steps 
(θ = 8.9°, h = w = 5 cm):  
(A) dc/h = 1.33, Q = 0.027 m3/s, Re = 2.14 × 105 
 
(B) dc/h = 3.34, Q = 0.107 m3/s, Re = 8.49 × 105 
 
 
Fig. 3-8 – Inception point of air-entrainment for the stepped spillway with combination of flat and 
pooled steps in transition flow regime (θ = 8.9°, h = w = 5 cm):  
(A) dc/h = 1.86, Q = 0.044 m3/s, Re = 3.53 × 105 (B) dc/h = 2.95, Q = 0.089 m3/s, Re = 7.04 × 105 
 
3.2 SELF-INDUCED INSTABILITIES ON THE POOLED STEPPED SPILLWAY 
Some strong self-induced flow instationarities were observed on the pooled stepped spillway. Such 
instabilities were previously investigated by THORWARTH (2008) showing that the 
instationarities were associated with some jump wave processes. Figure 3-9 illustrates some typical 
jump waves observed in the present study for a transition flow discharge. The series of pictures 
14 
shows the propagation of the waves (Fig. 3-9). The frequencies of the jump waves were about 0.25-
0.4 Hz in the present study. 
Some waves were caused by some pulsating clear-water flows in the first step pool downstream of 
the broad-crested weir (Fig. 3-10). In Figure 3-10, a series of photographs of the pulsations is 
illustrated. The pulsations initiated jump waves every 6-8 s herein. The flow pattern was observed 
in the transition flow regime. The pulsations caused every second jump wave to propagate 
downstream. The other waves seemed to be initiated by further instationaries in the first few 
stepped pools. The irregular ejection and recirculation processes within each pooled cavity appeared 
more often with frequencies of 0.5-2Hz as shown by THORWARTH (2008) and FELDER & 
CHANSON (2012). 
 
Fig. 3-9 – Instabilities in the transition flow regime on the pooled stepped spillway (θ = 8.9°, h = w 
= 5 cm): dc/h = 1.20, Q = 0.023 m3/s, Re = 1.83 × 105 - Chronological order from top left corner to 
bottom right corner 
15 
Fig. 3-10 – Pulsating flow in the first step cavity downstream of the broad-crested weir in the 
transition flow regime on the pooled stepped spillway (θ = 8.9°, h = w = 5 cm): dc/h = 1.08, Q = 
0.020 m3/s, Re = 1.56 × 105 - Chronological order from top left corner to bottom right corner 
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4. AIR-WATER FLOW PROPERTIES ON THE STEPPED SPILLWAYS 
4.1 PRESENTATION 
The air-water flow properties were measured for all three configurations at several step edges 
downstream of the inception point of free-surface aeration (Fig. 4-1). Figure 4-1 present a sketch of 
the three stepped spillway configurations and their geometric dimensions: step height h, step length 
l, channel width W, pool weir height w, and pooled weir length lw. The locations of the double-tip 
conductivity probe measurements on channel centre line are sketched, with y = 0 at the step edge 
for the flat steps and y = 0 at the pool weir edge for the pooled step. The flow properties were 
compared for a range of discharges 0.02 m3/s ≤ Q ≤ 0.117 m3/s between the three stepped spillway 
configurations. Table 4-1 summarises the experimental conditions for the air-water flow 
measurements, while the air-water flow properties were compared in terms of the void fraction, 
bubble count rate, interfacial velocity, turbulence intensity, and bubble/droplet chord sizes. 
 
Fig. 4-1 – Sketch of stepped spillway configurations in the present study (θ = 8.9°) 
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Table 4-1 - Air-water flow measurements with a double-tip conductivity probe for three different 
stepped spillway configurations at IWW (θ = 8.9°) 
 
Configuration dc/h 
[-] 
Q 
[m3/s] 
Re 
[-] 
Measurement at 
step edge 
Inception point 
step edge 
Flow 
regime 
(1) (2) (3) (4) (5) (6) (7) 
1.0 0.018 1.39×105 21 4 TRA 
1.35 0.027 2.18×105 21 4 TRA 
1.7 0.039 3.10×105 16-21 5 SK/TRA 
2.0 0.049 3.93×105 21 6 SK 
2.3 0.061 4.85×105 21 7 SK 
2.66 0.076 6.03×105 16-21 9 to 10 SK 
3.0 0.091 7.23×105 21 10 to 11 SK 
3.3 0.105 8.34×105 21 13 to 14 SK 
Flat stepped 
spillway 
3.55 0.117 9.30×105 17-21 14 to 15 SK 
1.35 0.027 2.18×105 14-21 3 TRA 
1.7 0.039 3.10×105 14-21 5 SK/TRA 
2.0 0.049 3.93×105 20+21 6 SK 
2.3 0.061 4.85×105 14-21 7 SK 
2.66 0.076 6.03×105 14-21 8 SK 
3.0 0.091 7.23×105 20+21 9 SK 
3.3 0.105 8.34×105 14-21 10 SK 
Pooled stepped 
spillway 
3.55 0.117 9.30×105 14-21 11 SK 
1.35 0.027 2.18×105 20+21 3 to 4 TRA 
1.7 0.039 3.10×105 14-21 4 TRA 
2.0 0.049 3.93×105 20+21 4 to 5 TRA 
2.3 0.061 4.85×105 20+21 4 to 5 TRA 
2.66 0.076 6.03×105 14-21 5 TRA 
3.0 0.091 7.23×105 20+21 5 TRA 
3.3 0.105 8.34×105 20+21 5 TRA 
Combination 
of flat and 
pooled steps 
3.55 0.117 9.30×105 14-21 5 TRA 
 
Notes: dc: critical flow depth; h: vertical step height; Q: water discharge; Re: Reynolds number 
defined in terms of the hydraulic diameter; SK: skimming flow regime; TRA: transition flow 
regime. 
 
4.2 AIR-WATER FLOW PROPERTIES 
The vertical distributions of void fractions showed some typical S-shape distributions for all 
experiments (Fig. 4-2). In Figure 4-2, some typical void fraction distributions are shown for the 
three stepped configurations. In Figures 4-2A and 4-2B, the void fraction is presented as a function 
of the dimensionless distance from the step edge y/Y90. The vertical elevation y was measured 
starting from the edge for the flat steps and at the pool weir edge for the pooled steps; Y90 is the 
distance for which C = 90%. For the smaller flow rate, all void fraction distributions were very 
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close (Fig. 4-2A). For the larger flow rates, the void fraction distributions for the stepped spillway 
with combination of flat and pooled steps differed from those on both flat and pooled steps (Fig. 4-
2B). In Figures 4-2A and 4-2B, the experimental data were also compared with the advective 
diffusion equation (CHANSON & TOOMBES 2002): 
   




 o
3
90
o
902
D3
3/1Y/y
D2
Y/y
'Ktanh1C  (4-1) 
where K' is an integration constant and Do is a function of the depth-averaged void fraction Cmean 
only: 
 
oo D81
8
D2
132745015.0'K   (4-2) 
   omean D614.3exp0434.17622.0C   (4-3) 
For all data sets in the present study, the advective diffusion equation (Eq. (4-1)) matched well the 
experimental data as illustrated in Figure 4-2. 
Some typical void fraction distributions are also presented in Figures 4-2C and 4-2D for several 
consecutive step edges as functions of the dimensionless distance from the step edge (y+w)/dc, 
where w is the weir height and dc the critical flow depth. Some differences were noted, possibly 
linked with the different definition of y = 0 for the pooled and flat steps. For the combination of flat 
and pooled steps, some differences were also observed with the different step types for the larger 
discharges (Fig. 4-2D). The void fraction distributions at the flat and pooled steps were in 
agreement for all measured steps. Similarly the shapes of the void fraction distribution at 
consecutive step edges were unchanged for all experiments for the flat and pooled stepped 
spillways. 
Some typical dimensionless distributions of bubble count rates are illustrated in Figure 4-3 as 
functions of y/Y90 (Fig. 4-3A) and (y+w)/dc (Fig 4-3B) for several consecutive step edges for all 
three stepped configurations. For a given step configuration, the bubble count rate distributions 
changed little for all experiments. Some differences in terms of bubble count rate distributions 
between flat and pooled steps were observed for the combination of flat and pooled steps. The 
differences were the largest for the smaller flow rates (Fig. 4-3B), while the bubble count rate 
distributions for the largest flow rates were close to those for both flat and pooled steps. 
The comparison of all three stepped configurations highlighted the largest bubble count rates for the 
flat stepped spillway for a given flow rate within the experimental flow conditions. For the smallest 
flow rates, the combination of flat and pooled steps had the smallest bubble count rates while, for 
the largest discharges, the pooled stepped spillway configuration had the smallest values. With 
increasing discharge the differences between all configurations became smaller (Fig. 4-3A). 
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Fig. 4-2 – Comparison of void fraction distributions on the stepped spillways with flat, pooled and 
combination of flat and pooled steps ( = 8.9) - Comparison with Equation (4-1) 
(A) dc/h = 2.0, Q = 0.049 m3/s, Re = 3.93×105 
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(B) dc/h = 3.3, Q = 0.105 m3/s, Re = 8.34×105 
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Fig. 4-3 – Comparison of dimensionless bubble count rate distributions on the stepped spillways 
with flat, pooled and combination of flat and pooled steps ( = 8.9) 
(A) dc/h = 3.55, Q = 0.117 m3/s, Re = 9.30×105 
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Some typical interfacial velocity distributions are presented in Figure 4-4. Data for all three 
configurations are presented as functions of y/Y90 and (y+w)/dc respectively in Figure 4-4A and 4-
4B respectively. A good agreement was achieved between flat and pooled stepped spillway data in 
terms of dimensionless interfacial velocity V/V90, as well as for the pooled step data on the stepped 
spillway configuration with combination of flat and pooled steps (Fig. 4-4A). For all discharges, the 
data collapsed reasonably well with a power law: 
 
N/1
9090 Y
y
V
V



  0 ≤ y/Y90 ≤ 1  (4-4) 
The value of the exponent N may vary from one step edge to the next one for a given flow rate, with 
on average N = 10. For y/Y90 > 1, the velocity distributions had a quasi uniform profile : 
 1
V
V
90
  1 < y/Y90  (4-5) 
For the flat and pooled stepped spillway configurations, the data were in close agreement with 
Equations 4-4 and 4-5 (Fig. 4-4A). Some data scatter was seen for the pooled steps on the spillway 
configuration with combination of flat and pooled steps. 
A very different velocity profile shape was observed for the flat steps in the combination of flat and 
pooled steps in terms of the dimensionless distribution V/V90. The interfacial velocity distribution 
exhibited a distribution shape similar to those observed at the impact of nappe flow jets and in 
transition flows (CHANSON and TOOMBES 2004, TOOMBES and CHANSON 2008b) (Fig. 4-
21 
4A).  
In Figure 4-4B, the dimensionless interfacial velocity distributions are presented in terms of V/Vc 
showing distinctive features. The largest interfacial velocities were observed for the flat stepped 
spillway. The magnitudes of V/Vc for the stepped spillways with pooled steps and with combination 
of pooled and flat steps were close and about 30% smaller than the flat stepped spillway velocity 
data (Fig. 4-4B). 
 
Fig. 4-4 – Comparison of dimensionless interfacial velocity distributions on the stepped spillways 
with flat, pooled and combination of flat and pooled steps ( = 8.9) 
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Some typical distributions of turbulence intensity Tu are illustrated in Figure 4-5 for all 
experimental configurations. The turbulence intensity in air-water flows was calculated from the 
difference in shapes of the auto- and cross-correlation functions. Tu was a spatial-average quantity 
characterising the turbulent fluctuations of the interfacial velocity. It was calculated as: 
 
T
T
851.0Tu
2
5.0
2
5.0   (4-6) 
where τ0.5 is the time scale for which the cross-correlation function is half of its maximum value 
such as: Rxy(T+ τ0.5) = 0.5×Rxy(T), Rxy is the normalised cross-correlation function and T0.5 is the 
characteristic time for which the normalised auto-correlation function equals: Rxx(T0.5) = 0.5 
(CHANSON and TOOMBES 2002). 
The distributions of turbulence intensity showed some very large turbulence levels for the pooled 
stepped spillway and for the spillway with combination of pooled and flat steps. Maximum values 
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of up to 500-900% were observed in the intermediate flow region (0.3 < C < 0.7). These turbulence 
intensity levels were discussed by FELDER & CHANSON (2012). FELDER & CHANSON (2012) 
showed that the instationary processes on the pooled stepped spillway configurations contributed 
significantly to the turbulent kinetic energy of the flow. The turbulence levels on the flat stepped 
spillway showed values of about 150% in the intermediate flow region which were consistent with 
previous studies on flat stepped spillways (CHANSON and TOOMBES 2002, FELDER and 
CHANSON 2009b). 
Figures 4-6 and 4-7 present some typical bubble and droplet chord size probability distribution 
functions respectively. Some small differences were observed in terms of the air bubble and water 
droplet chord sizes. For all configurations, similar chord sizes were seen in both bubbly flow and 
spray regions for the flat and pooled stepped spillways (Fig. 4-6 & 4-7). Some differences were 
visible for the stepped spillway configuration with combination of flat and pooled stepped 
spillways. In Figure 4-6, some typical air bubble chord size distributions are shown for two 
consecutive step edges for the three configurations. For the smaller flow rate all data collapsed quite 
well and showed typical log-normal distributions (Fig. 4-6A), but for the larger flow rate for which 
the combined stepped spillway data showed a larger amount of small air bubble chord sizes (Fig. 4-
6B). Further chord size distribution data suggested that there was no clear trend linked with the 
deviations between the flow configurations (Appendix A). 
 
Fig. 4-5 – Comparison of turbulence intensity distributions on the stepped spillways with flat, 
pooled and combination of flat and pooled steps ( = 8.9) 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.10×105 
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Fig. 4-6 Comparison of probability distribution functions of air bubble chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps ( = 8.9) 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.10×105; Step edge 20 
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(B) dc/h = 3.55, Q = 0.117 m3/s, Re = 9.30×105; Step edge 21 
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Fig. 4-7 Comparison of probability distribution functions of water droplet chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps ( = 8.9) 
(A) dc/h = 2.66, Q = 0.076 m3/s, Re = 6.03×105; Step edge 20 
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(B) dc/h = 2.66, Q = 0.076 m3/s, Re = 6.03×105; Step edge 21 
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Similar results were found in terms of the water droplet PDF chord sizes (Fig. 4-7). An amount of 
larger water droplet chord sizes was observed for the configuration with flat and pooled steps, while 
the chord sizes for the flat and pooled stepped spillways showed similar distributions close to a log-
normal distribution shape. Further PDF distribution data are presented in Appendix A showing 
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close results between all three configurations.  
 
4.3 DISCUSSION 
Some basic air-water flow properties were compared between the three configurations highlighting 
some key differences (see section 4.2). A further comparison of some characteristic parameters 
confirmed the findings. Namely the depth averaged void fraction Cmean and the characteristic air-
water velocity V90. The basic results are presented in Figure 4-8 as functions of the dimensionless 
distance from the inception point of free-surface aeration. 
The present data showed that the void fraction distributions were in good agreement between the 
flat and pooled stepped spillways, but some differences were observed for the stepped spillway 
configuration with combination of flat and pooled steps. In that configuration, the mean air 
concentration Cmean was larger compared to the other configurations for larger discharges as 
illustrated in Figure 4-8A. The data highlighted however some large fluctuations in terms of Cmean 
linked with the alternation of flat and pooled steps. The largest aeration was seen on the pooled 
steps on the combined stepped spillway configuration.  
Another key feature is the dimensionless characteristic interfacial velocity V90/Vc (Fig. 4-8B). The 
largest dimensionless interfacial velocities were observed for the flat stepped spillway configuration 
as seen in Figure 4-8B. The lowest of V90/Vc were seen for the combination of flat and pooled steps. 
Some data scatter was noted for the stepped spillway with combination of flat and pooled steps. 
Further characteristic parameters are presented in Appendix B. Overall the results were consistent 
with the observations presented in section 4.2 in terms of maximum bubble count rates and 
maximum turbulence levels. 
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Fig. 4-8 Comparison of longitudinal distributions of characteristic parameters for the stepped 
spillway with flat, pooled and combination of flat and pooled steps ( = 8.9) 
(A) Mean air-concentration Cmean 
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(B) Characteristic dimensionless interfacial velocity V90/Vc 
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5. ENERGY DISSIPATION AND FLOW RESISTANCE ON THE STEPPED 
SPILLWAYS 
5.1 RESIDUAL HEAD AND ENERGY DISSIPATION 
The residual energy and rate of energy dissipation were investigated at the downstream end of the 
spillways. They were calculated at two successive step edges for the three configurations based 
upon the detailed air-water flow measurements. The rate of energy dissipation H/Hmax quantified 
the percentage of total energy loss along the stepped spillway, where Hmax is the upstream total 
head: 
 damcmax Hd2
3H   (5-1) 
with Hdam the dam height and dc the critical flow depth. The total head loss was at every step edge 
as H = Hmax - Hres, where Hres is the residual head estimated as: 
 w
g2
U
cosdH
2
w
res   (5-2) 
where d is the equivalent clear water flow depth, Uw the flow velocity (Uw = qw/d) and w is the weir 
height. 
The rate of energy dissipation for the three configurations is illustrated in Figure 5-1 for the last two 
step edges as a function of dimensionless drop in elevation between the broad crested weir and the 
measured step edge zo. The comparison between flat and pooled stepped chute performances 
showed a larger rate of energy dissipation rate on the pooled step configurations (Fig. 5-1). The 
largest rate of energy dissipation was observed for the stepped spillway with combination of flat 
and pooled steps in particle at the largest discharges. For the small discharges, note some data 
scatter between flat and pooled steps (Fig. 5-1). Altogether the energy dissipation rate for the flat 
stepped spillway was the lowest of all three configurations for all flow rates. 
The results in terms of residual head are presented in Figure 5-2. The data consisted of the 
dimensionless residual head at the downstream end of the stepped chutes calculated for two 
consecutive step edges. For the flat stepped spillway the dimensionless residual energy was largest 
and was nearly independent of the flow rate: i.e., Hres/dc ≈ 3.25. Similarly the residual head on the 
pooled stepped spillway was almost constant for all discharges: Hres/dc ≈ 2.25. The dimensionless 
residual energy for the stepped spillway with combination of flat and pooled steps showed some 
data scatter. On average the residual head was smallest for the combined configuration tending to a 
residual head for the largest flow rates of Hres/dc ≈ 1.7-1.9. 
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Fig. 5-1 Comparison of rate of energy dissipation at two step edges at the downstream end ( = 
8.9) - Comparison of results for the stepped spillway with flat, pooled and combination of flat and 
pooled steps and for reanalysed data of THORWARTH (2008) 
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Fig. 5-2 Comparison of dimensionless residual energy at two step edges at the downstream end ( = 
8.9) - Comparison of results for the stepped spillway with flat, pooled and combination of flat and 
pooled steps and for reanalysed data of THORWARTH (2008) 
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The present data set was compared with some reanalysed data of THORWARTH (2008) on the 
same stepped spillway facility (θ = 8.9°) with flat and pooled steps. Note that THORWARTH 
(2008) presented some residual head and the energy dissipation rate calculated based upon the 
Darcy friction coefficient for two step edges at the downstream end because he assumed a uniform 
equilibrium flow. Herein, THORWARTH's original void fraction data were re-analysed to estimate 
the energy dissipation rate and the residual head in the same manner as the current experimental 
data set. THORWARTH's data are included in Figures 5-1 and 5-2. The results showed a very good 
agreement between THORWARTH’s (2008) reanalysed data and the present data. 
 
5.2 FLOW RESISTANCE 
The flow resistance on stepped spillways is characterised by significant form losses caused by the 
steps (CHANSON 2001). The form drag can be increased by the pool weir at the end of each step. 
It is common practice to use the Darcy-Weisbach friction factor to quantify the flow resistance in 
stepped spillway flows (RAJARATNAM 1990, CHANSON 2001). CHANSON et al. (2002) 
argued that neither the Darcy-Weisbach formula nor the Gauckler-Manning-Strickler formula can 
be used satisfactory because of the dominant form loss contribution. 
In the present study, an uniform equilibrium flow was achieved at the chute downstream end 
because some small differences of air-water flow properties were observed between successive step 
edges (e.g. Fig. 4-7). Therefore the Darcy-Weisbach friction factor was calculated to quantify the 
average shear stress in the gradually-varied flow (e.g. CHANSON 1993): 
 90Yf
y 00 f
e 2 2 2
w w w w
8 g S 1 C dy
8 8 g S df
U U U

              

 (5-3) 
where the friction slope equals Sf = - ∂H/∂x, H is the total head, x is the distance in flow direction 
and Uw is the flow velocity (HENDERSON 1966; CHANSON 2001). 
The friction factor was calculated for all experiments and the results are presented in Figure 5-3 as a 
function of the dimensionless step roughness height. In Figure 5-3, some data of THORWARTH 
(2008) are added: namely his experimental data on a stepped spillway with flat and pooled steps and 
8.9°. Please note that THORWARTH (2008) calculated his friction factors assuming uniform 
equilibrium flow. For most discharges, the present data and THORWARTH’s (2008) friction factor 
results agreed well (Fig. 5-3). Some small differences might be linked with the gradually varied 
nature of the air-water flows (FELDER & CHANSON 2009a). Some significantly larger friction 
factors were observed for the pooled stepped spillway with maximum values for the transition flow 
regimes (e.g. outlier in the pooled stepped spillway data for large step roughness heights in Fig. 5-
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3). Some small values of fe are visible for the flat stepped spillway (Fig. 5-3). 
 
Fig. 5-3 Comparison of equivalent Darcy friction factors for the stepped spillway with flat, pooled 
and combination of flat and pooled steps ( = 8.9) - Comparison with the data of THORWARTH 
(2008) 
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The calculation of the Darcy friction factors for the stepped spillway with combination of flat and 
pooled steps was more difficult because of the non-uniform nature of the flows caused by the 
alternation of flat and pooled steps. Figure 5-4 shows some typical longitudinal variation of the total 
head at the downstream end of the spillway for several consecutive step edges. The data showed 
that, for the combination of flat and pooled steps, the total head line had a seesaw pattern with 
larger total head for the flat steps. The total head for the flat and pooled stepped spillways decayed 
gradually with an almost linear friction slope close to the bed slope sin θ. The Darcy-Weisbach 
friction factor ef  for the stepped spillway with combination of flat and pooled steps was calculated 
by averaging the friction factors calculated for the flat and pooled steps in this configuration 
respectively: 
 2
w
f
e U
Sdg8f   (5-4) 
where d  is the average clear water flow depth, fS the average friction slope for the flat and pooled 
steps respectively and U  the average flow velocity. The Darcy-Weisbach friction factors for the 
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combination of flat and pooled steps are included Figure 5-3 and the results showed the largest flow 
resistance with the combined pool configuration for all investigated flow rates. 
 
Fig. 5-4 - Total head line at the downstream end of the chute for the stepped spillway with flat, 
pooled and combination of flat and pooled steps - Flow conditions:  = 8.9, dc/h = 2.66, Q = 0.076 
m3/s, Re = 6.03×105 
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6. CONCLUSION 
A physical study was performed on a stepped spillway model with a 8.9° slope and step heights of 
0.05 m. Three stepped configurations were tested: these were a flat stepped chute, a pooled step 
chute (w/h = 1) and a chute with an alternation of flat and pooled steps. Detailed air-water flow 
measurements were conducted with a double-tip conductivity probe for all three stepped 
configurations and a comparative analysis was performed for a broad range of discharges 0.02 m3/s 
≤ Q ≤ 0.117 m3/s corresponding to Reynolds numbers between 1.4×105 and 9.3×105. 
The visual observations showed some typical flow pattern with nappe, transition and skimming 
flows depending upon the flow rate on the flat stepped spillway. On the pooled stepped spillway 
configurations, some strong instabilities were observed in the transition flow regime. The self-
induced instabilities were associated with instationary cavity recirculation and ejection processes as 
well as some strong jump waves propagating downstream. For the stepped spillway with 
combination of flat and pooled steps, no skimming flow regime was achieved within the range of 
investigated flow rates. 
A comparison of air-water flow properties showed some basic differences between the three 
configurations in terms of void fraction, bubble count rate, interfacial velocity, turbulence intensity 
and chord size distributions. The void fraction distributions on flat and pooled stepped spillways 
were overall in agreement, but the combination of flat and pooled steps yielded some stronger 
aeration for the same flow rate. The interfacial velocity distributions showed largest interfacial 
velocities for the flat stepped spillway. The turbulence levels were significantly larger on the pooled 
stepped spillways and it is believed that this was caused by the flow instationarities. The 
distributions of air bubble and water droplet chord sizes were comparable. 
A comparative analysis in terms of the rate of energy dissipation and residual head showed that the 
largest rate of energy dissipation and the smallest residual head were achieved for the stepped 
spillway with combination of flat and pooled steps. The largest residual head and smallest energy 
dissipation rate were observed for the flat stepped spillway. Similarly the Darcy-Weisbach friction 
factor data showed the smallest values for the flat stepped spillway and the largest friction factors 
for the pooled stepped spillway configurations. 
While the stepped chute configuration with a combination of flat and pooled steps yielded the 
largest rate of energy dissipation, the geometry may not be regarded as an optimum design. This 
configuration was characterised by some strong flow instabilities and unsteady flow processes 
which may be unsuitable for a safe operation of the structure. An incidents on the Sorpe dam pooled 
stepped spillway was documented and illustrated by CHANSON (2001) and THORWARTH 
(2008). 
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APPENDIX A – PRESENTATION OF AIR-WATER FLOW PROPERTIES 
FOR THE STEPPED SPILLWAYS 
A.1 PRESENTATION 
Experiments were conducted on a stepped spillway model equipped with flat steps, pooled steps 
and a combination of flat and pooled steps for a range of discharges 0.018 < Q < 0.117 m3/s. For all 
three configurations, the air-water flow properties were measured with a double-tip conductivity 
probe at several step edges downstream of the inception point of free surface aeration. Some basic 
air-water flow properties were calculated for some typical transition and skimming flow discharges. 
In this Appendix, the air-water flow properties of void fraction C, bubble count rate F, interfacial 
velocity V and turbulence levels Tu are presented for all experiments. The flow properties are 
presented in dimensionless terms. On the left hand side of the figures, the data are presented as a 
function of y/Y90 and on the right hand side as a function of (y+w)/dc. Table A-1 summarises the 
presented data. Furthermore some characteristic air bubble and water droplet chord size 
distributions are shown in Figures A-9 to A-14 for several discharges at two consecutive step edges 
for all three configurations. 
 
Tab. A-1 Summary of compared air-water flow properties and positioning in the following figures 
(Fig. A-1 to A-8) 
 
C as a function of y/Y90 C as a function of (y+w)/dc 
F×dc/Vc as a function of y/Y90 F×dc/Vc as a function of (y+w)/dc 
V/Vc as a function of y/Y90 V/Vc as a function of (y+w)/dc 
Tu as a function of y/Y90 Tu as a function of (y+w)/dc 
 
Notes: y: distance normal to the pseudo bottom; Y90: characteristic distance where C = 90%; C: 
void fraction; F: bubble count rate; dc: critical flow depth; Vc: critical flow velocity; V: interfacial 
velocity; Tu: turbulence intensity; w: pool weir height 
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Fig. A-1 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 1.35, Q = 0.027 m3/s, Re = 
2.18×105 
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Fig. A-2 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 1.7, Q = 0.039 m3/s, Re = 
3.10×105 
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Fig. A-3 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 2.0, Q = 0.049 m3/s, Re = 
3.93×105 
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Fig. A-4 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 2.3, Q = 0.061 m3/s, Re = 
4.85×105 
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Fig. A-5 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 2.66, Q = 0.076 m3/s, Re = 
6.03×105 
C [-]
y/
Y
90
 [-
]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2 Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
C [-]
(y
+w
)/d
c [
-]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
Fdc/Vc [-]
y/
Y
90
 [-
]
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
> 20 mm
Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
Fdc/Vc [-]
(y
+w
)/d
c [
-]
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0
0.15
0.3
0.45
0.6
0.75
0.9
1.05
1.2
1.35
1.5
1.65
1.8
1.95
2.1
2.25
2.4
2.55
2.7
2.85
3
> 20 mm
Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
41 
V/V90 [-]
y/
Y
90
 [-
]
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2 Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
V/Vc [-]
(y
+w
)/d
c [
-]
0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5 Flat steps - Step edge 16Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
Tu [-]
y/
Y
90
 [-
]
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
> 20 mm
Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
Tu [-]
(y
+w
)/d
c [
-]
0 1 2 3 4 5 6 7 8 9 10
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5 Flat steps - Step edge 16Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21
Combination flat/pooled steps - Step edge 14 (pooled)
Combination flat/pooled steps - Step edge 15 (flat)
Combination flat/pooled steps - Step edge 16 (pooled)
Combination flat/pooled steps - Step edge 17 (flat)
Combination flat/pooled steps - Step edge 18 (pooled)
Combination flat/pooled steps - Step edge 19 (flat)
Combination flat/pooled steps - Step edge 20 (pooled)
Combination flat and pooled steps - Step edge 21 (flat)
 
Fig. A-6 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 3.0, Q = 0.091 m3/s, Re = 
7.23×105 
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Fig. A-7 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 3.3, Q = 0.105 m3/s, Re = 
8.34×105 
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Fig. A-8 Comparison of dimensionless air-water flow properties on stepped spillway with flat, 
pooled and combination of flat and pooled steps:  = 8.9, dc/h = 3.55, Q = 0.117 m3/s, Re = 
9.30×105 
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Fig. A-9 Comparison of probability distribution functions of air bubble chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps:  = 8.9, dc/h = 1.7, Q = 0.039 
m3/s, Re = 3.10×105 
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(B) Step edge 21 
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Fig. A-10 Comparison of probability distribution functions of air bubble chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps:  = 8.9, dc/h = 2.66, Q = 
0.076 m3/s, Re = 6.03×105 
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(B) Step edge 21 
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Fig. A-11 Comparison of probability distribution functions of air bubble chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps:  = 8.9, dc/h = 3.55, Q = 
0.117 m3/s, Re = 9.30×105 
(A) Step edge 20 
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> 20 mmy = 61 mm; C = 0.080; F = 45.3 Hz; flat steps
y = 64 mm; C = 0.149; F = 65.6 Hz; flat steps
y = 67 mm; C = 0.235; F = 83.9 Hz; flat steps
y = 85 mm; C = 0.095; F = 41.6 Hz; pooled steps (w = 5 cm)
y = 91 mm; C = 0.135; F = 49.8 Hz; pooled steps (w = 5 cm)
y = 98 mm; C = 0.232; F = 59.3 Hz; pooled steps (w = 5 cm)
y = 65 mm; C = 0.092; F = 59.1 Hz; combined flat/pooled steps (w = 5 cm)
y = 81 mm; C = 0.154; F = 72.1 Hz; combined flat/pooled steps (w = 5 cm)
y = 89 mm; C = 0.213; F = 75.2 Hz; combined flat/pooled steps (w = 5 cm)
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(B) Step edge 21 
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> 20 mmy = 61 mm; C = 0.088; F = 53.9 Hz; flat steps
y = 64 mm; C = 0.146; F = 68.1 Hz; flat steps
y = 67 mm; C = 0.229; F = 88.5 Hz; flat steps
y = 86 mm; C = 0.105; F = 47.5 Hz; pooled steps (w = 5 cm)
y = 92 mm; C = 0.156; F = 53.9 Hz; pooled steps (w = 5 cm)
y = 95 mm; C = 0.225; F = 62.4 Hz; pooled steps (w = 5 cm)
y = 85 mm; C = 0.088; F = 76.3 Hz; combined flat/pooled steps (w = 5 cm)
y = 92 mm; C = 0.136; F = 87.9 Hz; combined flat/pooled steps (w = 5 cm)
y = 103 mm; C = 0.218; F = 96.1 Hz; combined flat/pooled steps (w = 5 cm)
 
Fig. A-12 Comparison of probability distribution functions of water droplet chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps:  = 8.9, dc/h = 1.7, Q = 0.039 
m3/s, Re = 3.10×105 
(A) Step edge 20 
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> 20 mmy = 47 mm; C = 0.730; F = 84.8 Hz; flat steps
y = 53 mm; C = 0.826; F = 60.6 Hz; flat steps
y = 68 mm; C = 0.935; F = 28.6 Hz; flat steps
y = 70 mm; C = 0.724; F = 35.3 Hz; pooled steps (w = 5 cm)
y = 76 mm; C = 0.812; F = 29.0 Hz; pooled steps (w = 5 cm)
y = 102 mm; C = 0.924; F = 8.0 Hz; pooled steps (w = 5 cm)
y = 55 mm; C = 0.705; F = 38.4 Hz; combined flat/pooled steps (w = 5 cm)
y = 61 mm; C = 0.816; F = 30.2 Hz; combined flat/pooled steps (w = 5 cm)
y = 74 mm; C = 0.937; F = 11.4 Hz; combined flat/pooled steps (w = 5 cm)
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(B) Step edge 21 
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> 20 mmy = 47 mm; C = 0.721; F = 85.3 Hz; flat steps
y = 53 mm; C = 0.825; F = 63.0 Hz; flat steps
y = 68 mm; C = 0.932; F = 28.3 Hz; flat steps
y = 74 mm; C = 0.710; F = 35.1 Hz; pooled steps (w = 5 cm)
y = 87 mm; C = 0.812; F = 21.0 Hz; pooled steps (w = 5 cm)
y = 107 mm; C = 0.945; F = 7.3 Hz; pooled steps (w = 5 cm)
y = 104 mm; C = 0.728; F = 12.2 Hz; combined flat/pooled steps (w = 5 cm)
y = 111 mm; C = 0.808; F = 9.6 Hz; combined flat/pooled steps (w = 5 cm)
y = 131 mm; C = 0.943; F = 3.4 Hz; combined flat/pooled steps (w = 5 cm)
 
Fig. A-13 Comparison of probability distribution functions of water droplet chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps:  = 8.9, dc/h = 2.66, Q = 
0.076 m3/s, Re = 6.03×105 
(A) Step edge 20 
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> 20 mmy = 63 mm; C = 0.744; F = 113.6 Hz; flat steps
y = 70 mm; C = 0.873; F = 68.8 Hz; flat steps
y = 83 mm; C = 0.961; F = 24.2 Hz; flat steps
y = 94 mm; C = 0.751; F = 54.5 Hz; pooled steps (w = 5 cm)
y = 102 mm; C = 0.862; F = 34.6 Hz; pooled steps (w = 5 cm)
y = 117 mm; C = 0.968; F = 10.6 Hz; pooled steps (w = 5 cm)
y = 149 mm; C = 0.761; F = 37.3 Hz; combined flat/pooled steps (w = 5 cm)
y = 189 mm; C = 0.897; F = 17.4 Hz; combined flat/pooled steps (w = 5 cm)
y = 219 mm; C = 0.957; F = 8.3 Hz; combined flat/pooled steps (w = 5 cm)
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(B) Step edge 21 
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> 20 mmy = 63 mm; C = 0.731; F = 116.8 Hz; flat steps
y = 70 mm; C = 0.870; F = 70.5 Hz; flat steps
y = 83 mm; C = 0.957; F = 26.0 Hz; flat steps
y = 92 mm; C = 0.705; F = 57.0 Hz; pooled steps (w = 5 cm)
y = 102 mm; C = 0.854; F = 36.8 Hz; pooled steps (w = 5 cm)
y = 112 mm; C = 0.949; F = 17.0 Hz; pooled steps (w = 5 cm)
y = 125 mm; C = 0.701; F = 39.2 Hz; combined flat/pooled steps (w = 5 cm)
y = 144 mm; C = 0.862; F = 21.7 Hz; combined flat/pooled steps (w = 5 cm)
y = 171 mm; C = 0.957; F = 7.2 Hz; combined flat/pooled steps (w = 5 cm)
 
Fig. A-14 Comparison of probability distribution functions of water droplet chord sizes on stepped 
spillways with flat, pooled and combination of flat and pooled steps:  = 8.9, dc/h = 3.55, Q = 
0.117 m3/s, Re = 9.30×105 
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Droplet chord length [mm]
PD
F
0 1.5 3 4.5 6 7.5 9 10.5 12 13.5 15 16.5 18 19.5 21
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
> 20 mmy = 79 mm; C = 0.713; F = 88.6 Hz; flat steps
y = 84 mm; C = 0.848; F = 62.1 Hz; flat steps
y = 88 mm; C = 0.911; F = 42.3 Hz; flat steps
y = 118 mm; C = 0.718; F = 52.7 Hz; pooled steps (w = 5 cm)
y = 128 mm; C = 0.839; F = 34.7 Hz; pooled steps (w = 5 cm)
y = 137 mm; C = 0.921; F = 22.0 Hz; pooled steps (w = 5 cm)
y = 173 mm; C = 0.721; F = 59.9 Hz; combined flat/pooled steps (w = 5 cm)
y = 215 mm; C = 0.839; F = 34.4 Hz; combined flat/pooled steps (w = 5 cm)
y = 239 mm; C = 0.903; F = 22.2 Hz; combined flat/pooled steps (w = 5 cm)
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(B) Step edge 21 
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> 20 mmy = 81 mm; C = 0.760; F = 83.6 Hz; flat steps
y = 84 mm; C = 0.837; F = 68.0 Hz; flat steps
y = 93 mm; C = 0.946; F = 29.4 Hz; flat steps
y = 120 mm; C = 0.757; F = 50.3 Hz; pooled steps (w = 5 cm)
y = 128 mm; C = 0.858; F = 33.5 Hz; pooled steps (w = 5 cm)
y = 142 mm; C = 0.942; F = 15.8 Hz; pooled steps (w = 5 cm)
y = 149 mm; C = 0.765; F = 52.2 Hz; combined flat/pooled steps (w = 5 cm)
y = 159 mm; C = 0.842; F = 38.0 Hz; combined flat/pooled steps (w = 5 cm)
y = 191 mm; C = 0.936; F = 13.8 Hz; combined flat/pooled steps (w = 5 cm)
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APPENDIX B – PRESENTATION OF CHARACTERISTIC AIR-WATER 
FLOW PARAMETERS FOR THE STEPPED SPILLWAYS 
For all experiments, some characteristic air-water flow parameters were calculated for the stepped 
spillway configurations with flat, pooled and combination of flat and pooled steps. The 
characteristic parameters included the depth-averaged void fraction Cmean, the characteristic 
interfacial velocity V90, the mean flow velocity Uw, the equivalent clear water flow depth d, the 
characteristic depth Y90 where the C = 90%, the maximum bubble count rate Fmax and the maximum 
turbulence intensity Tumax. The results are presented in Figures B1 to B-7 for all discharges and at 
all measured step edges for the three configurations. For each figure, the graph (Fig. A) on the left 
hand side presents the characteristic parameters as functions of the step edges. On the right hand 
side (Fig. B), the graph shows the parameters as functions of the dimensionless distance from the 
inception point of air entrainment. For all characteristic air-water flow parameters, some 
fluctuations are visible from step edge to step edge. The seesaw pattern was characteristic for all 
stepped spillway configurations and an uniform equilibrium flow was not achieved in the present 
study. The largest variations of characteristic parameters were observed for the combination of flat 
and pooled steps. The flat and pooled stepped showed smaller fluctuations around a mean trend. 
For the three configurations, the mean void fraction data Cmean are shown in Figure B-1. For the 
smallest flow rates, the flat stepped spillway showed the largest mean air concentration in the 
transition flow regime. For all configurations, Cmean decreased with increasing discharge. For the 
larger discharges, the largest values of Cmean were seen for the stepped spillway with combination of 
flat and pooled steps. 
The characteristic interfacial velocity data V90 for the three configurations are illustrated in Figure 
B-2. The results highlighted that V90 was the largest for the flat stepped spillway for all discharges. 
The stepped spillway with combination of flat and pooled steps exhibited the smallest values of V90, 
but some strong seesaw pattern from step edge to step edge was observed (Fig. B-2). With 
increasing flow rate, V90 increased for all stepped configurations. 
Similar finding were also seen for the flow velocity data Uw as illustrated in dimensionless terms in 
Figure B-3. The largest velocity was observed on the flat stepped spillway and the smallest for the 
combination of flat and pooled steps. Conversely, the equivalent clear water flow depth data d 
yielded the smallest values on the flat stepped spillway and the largest for the combination of flat 
and pooled steps (Fig. B-4). However some strong fluctuations with longitudinal distance were 
observed for the combined configuration. The characteristic depth data Y90 are presented in Figure 
B-5. The findings are very close to the observations of the equivalent clear-water flow depth. The 
smallest values of Y90 were seen for the flat stepped spillway and the largest for the combination of 
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flat and pooled steps. Some strong variations of Y90 were clearly visible for the combined stepped 
spillway (Fig. B-5). 
Figure B-6 shows the characteristic maximum bubble count rate data Fmax for all experiments. The 
largest number of entrained air bubbles was observed for the flat stepped spillway and the smallest 
for the pooled stepped spillway. For the smallest flow rates, the results on pooled stepped spillway 
and combination of flat and pooled steps were similar. For all configurations, some differences in 
terms of Fmax were present between successive step edges and the flow was gradually varied. 
A comparison of maximum turbulence intensity values highlighted some difference between the 
pooled stepped spillway configurations and the flat stepped spillway (Fig. B-7). For the pooled 
stepped spillway and the combination of flat and pooled steps, some very large values of Tumax 
were seen and the magnitudes for both configurations were similar. The values of Tumax seemed to 
decrease slightly with increasing discharge. Tumax was significantly smaller for the flat stepped 
spillway configuration with about constant values for all experiments. 
  
Fig. B-1 Comparison of longitudinal distributions of mean void fraction Cmean for the stepped 
spillway with flat, pooled and combination of flat and pooled steps 
(A) Comparison at step edges 
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Fig. B-2 Comparison of longitudinal distributions of characteristic interfacial velocity value V90/Vc 
for the stepped spillway with flat, pooled and combination of flat and pooled steps 
(A) Comparison at step edges 
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Fig. B-3 Comparison of longitudinal distributions of dimensionless flow velocity Uw/Vc for the 
stepped spillway with flat, pooled and combination of flat and pooled steps 
(A) Comparison at step edges 
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Fig. B-4 Comparison of longitudinal distributions of dimensionless equivalent clear water flow 
depth d/dc for the stepped spillway with flat, pooled and combination of flat and pooled steps 
(A) Comparison at step edges 
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Fig. B-5 Comparison of longitudinal distributions of maximum dimensionless bubble count rate 
Fmax×dc/Vc for the stepped spillway with flat, pooled and combination of flat and pooled steps 
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Fig. B-6 Comparison of longitudinal distributions of characteristic flow depth value Y90/dc for the 
stepped spillway with flat, pooled and combination of flat and pooled steps 
(A) Comparison at step edges 
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Fig. B-7 Comparison of longitudinal distributions of characteristic maximum turbulence intensity 
Tumax for the stepped spillway with flat, pooled and combination of flat and pooled steps 
(A) Comparison at step edges 
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APPENDIX C – COMPARISON OF AIR-WATER FLOW PROPERTIES: 
SINGLE THRESHOLD TECHNIQUE VERSUS DIFFERENTIATION 
METHOD 
PRESENTATION 
The data acquisition system consisted of a LabVIEWTM program designed by the IWW and used in 
previous studies by THORWATH (2008) and BUNG (2011) at the University of Wuppertal. The 
LabVIEWTM code had an implemented data analysis code enabling an online analysis of some air-
water flow properties such as void fraction, bubble count, and interfacial velocity and bubble chord 
sizes. The online cross-correlation analysis for the determination of the interfacial velocity was not 
efficient due to long calculation times. No further air-water flow properties such as the auto- and 
cross-correlation functions, the turbulence intensities and droplet chord sizes were calculated and 
printed with the LabVIEWTM software. For these reasons, the LabVIEWTM program was not used 
for post-processing. 
In the present study, the data acquisition system from IWW was therefore solely used for the 
recording of raw data with sampling durations of 45 s and sampling frequencies of 20 kHz per 
probe sensor. The raw data were then analysed with a Fortran software designed at UQ and used in 
previous studies (FELDER & CHANSON 2011a,b,2012; CHACHEREAU & CHANSON, H. 
2011). The post-processing software enabled the automated calculation of the full set of air-water 
flow properties without interference with the data acquisition. 
In this Appendix, the results of a separate investigation of the calculation outputs from the 
LabVIEWTM system and from the Fortran code are compared because there were some subtle 
differences between the two techniques. The comparison was conducted for the results of an air-
water flow measurement on the flat stepped spillway with a double-tip conductivity probe sampling 
at 40 kHz and for a sampling duration of 10 seconds. The data were recorded for a full cross-section 
at step edge 20 for one flow rate Q = 0.076 m3/s (dc/h = 2.66). The air-water flow properties of void 
fraction, bubble count rate and interfacial velocity were calculated using THORWARTH’s (2008) 
LabVIEWTM program and the Fortran program respectively. Some results of the microscopic air-
water flow property in terms of air bubble chord sizes were also compared. Some characteristic 
results are discussed at the end of this Appendix. 
The calculation of the void fractions and bubble count rates was based upon two different analysis 
techniques in the two analyses programs. THORWARTH (2008) used a differentiation method for 
the calculation of the air-water interfaces (CARTELLIER & ACHARD 1991). The differentiation 
method used the first order difference of the raw voltage signal for the calculation of the air-water 
interfaces, i.e. of phase changes between water and air. In contrast, the Fortran code used a single-
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threshold technique for the calculation of the interfaces. In the single-threshold approach, the PDF 
analysis of the raw voltage signal lead to a bimodal voltage distribution and the threshold was set at 
50% of the differences between the two peaks. 
 
BASIC RESULTS 
Both analysis techniques enabled the calculation of the void fraction C and the bubble count rate F. 
In Figure C-1, the void fraction distributions are presented as a function of y/Y90 for both analysis 
techniques. The results were very close overall. Some small differences are visible in terms of the 
dimensionless bubble count rate distributions as illustrated in Figure C-2. It appeared that the 
number of bubbles detected by the LabVIEWTM program was consistently about 10% larger 
compared to the Fortran program results for C < 0.95. In the upper spray region (C > 0.95), the data 
were in close agreement. 
The calculation of the interfacial velocity was based upon the cross-correlation analysis of the raw 
voltage signal for both analysis softwares. The results were therefore in very close agreement as 
visible in Figure C-3. 
Some further characteristic air-water flow parameters are compared in Table C-1 for the two 
analysis techniques. All parameters were almost identical, but some differences were observed in 
terms of the maximum bubble count rate Fmax. 
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Fig. C-1 Comparison of void fraction distributions calculated with single-threshold technique 
(Fortran program, Present study) and with differentiation method (LabVIEWTM code from IWW 
(THORWARTH 2008)) 
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Fig. C-2 Comparison of dimensionless bubble count rate distributions calculated with single-
threshold technique (Fortran program, Present study) and with differentiation method (LabVIEWTM 
code from IWW (THORWARTH 2008)) 
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Fig. C-3 Comparison of dimensionless interfacial velocity calculated with Fortran program (Present 
study) and with LabVIEWTM code from IWW (THORWARTH 2008) 
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Table C-1 – Summary of characteristic parameters of air-water flow properties on pooled stepped 
spillway configurations calculated with two different calculation methods/tools 
 
Calculation tools Characteristic 
parameters Fortran program 
(Present study) 
LabVIEWTM software 
(THORWARTH 2008) 
(1) (2) (3) 
Cmean [-] 0.227 0.228 
Fmax [Hz] 150.6 169.6 
V90 [m/s] 3.165 3.151 
Y90 [mm] 71.65 70.75 
Uw [m/s] 2.74 2.78 
d [mm] 55.36 54.61 
 
Notes: Cmean: mean void fraction; Fmax: maximum bubble count rate; V90: characteristic interfacial 
velocity; Y90: characteristic flow depth; Uw: mean flow velocity; d: equivalent clear water flow 
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DISCUSSION 
The differences in terms of bubble frequency seemed to be linked with the different calculation 
methods (Fig. C-4). In Figure C-4, a short sequence of a typical raw voltage signal and the detection 
of air-water interfaces is illustrated. In the single-threshold technique, air-water interfaces were 
detected, when the voltage signal passed the single threshold value (dashed line, Fig. C-4). Some 
voltage drops and spikes were therefore not detected and did not contribute to the bubble count rate 
(Fig. C-4). In the differentiation method, on the other hand, a small drop in voltage may be counted 
as an air bubble (Fig. C-4). Therefore the differentiation method technique tended to yield a larger 
bubble count rate. 
A further air-water flow property was the air bubble chord size probability distribution function 
(PDF). Some comparative results for the two calculation techniques are presented in Figure C-5. 
Some small differences in terms of air bubble chord size distributions were seen with a larger 
number of chord sizes smaller than 1 mm for the Fortran code data. A larger number of chord sizes 
was observed for the LabVIEWTM calculations in the chord size range of 1.5 to 5 mm (Fig. C-5). It 
was not possible to verify the calculation method of the air bubble chord sizes in the LabVIEWTM 
program. The chord size calculation tool implemented in the LabVIEWTM program was never used 
or published. In other words it was not possible to understand and verify the chord size calculation 
tool with the LabVIEWTM program. 
 
Fig. C-4 Raw voltage signal and detection of air-bubbles in the single-threshold technique - flow 
condition:  = 8.9, dc/h = 2.66, Q = 0.076 m3/s, Re = 6.03×105, Step edge 20, y = 51 mm, leading 
probe 
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Fig. C-5 Comparison of PDF air-bubble chord size distributions calculated with Fortran program 
(Present study) and with LabVIEWTM code from IWW (THORWARTH 2008) 
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